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Abstract: Uncontrolled scour is affecting multiple mobile dams. The plunge pool of the Chancy-Pougny barrage, located on the
Rhone River bordering France and Switzerland, has recently been reported to develop in a potentially unfavourable direction after
almost 100 years of acceptable scour development. In order to estimate the future scour potential of this asymmetrical plunge pool
and validate and optimize possible solutions to limit its development, a physical model was built at LCH-EPFL. First-stage
diagnosis tests showed the presence of recirculation surface currents interacting with the spillway outflow jets producing
downward vorticity responsible for scour progression. In partnership with the responsible engineering company, different solutions
were proposed and tested, starting with the installation of a vertical guide-wall to prevent the formation of the return currents. A
solution with randomly-arranged concrete prisms was finally retained as the most favourable compromise between the effective
protection of the riverbed and site implementation. Herein the robustness of this solution is analysed for two different, but plausible,
operation scenarios. Both the closure of a spillway gate and the lowering of the water level proved the effectiveness of the chosen
solution without endangering the stability of the prism-arrangement. The technical solution presented herein enlarges the range of
alternative solutions for uncontrolled scour control not only at the Chancy-Pougny barrage but also for a large number of
structures with similar layout.
Keywords: Uncontrolled scour mitigation, concrete-prism overlay, plunge pool, residual energy dissipation, recirculation.

1.

Introduction

The majority of low-head dams constructed before the 1950s were conceived with short stilling basins. These
structures are fundamental for the dissipation of the residual energy within the spillway flows. At present time, after
over 50 or more years of regular operation, some problems of downstream riverbed erosion have been reported.
Although for most cases the extent of riverbed scour remains limited and controlled, any future uncontrolled
development must be avoided to prevent endangering the stability of the main structures.
Multiple examples of low-head hydraulic structures affected by scour-related problems can be found throughout the
world as detailed in Table 1 through some selected examples. In Australia, after experiencing some severe events with
return periods higher than 1000 years, multiple dams suffered important erosion on the downstream side. Examples
can be found in the Paradise Dam, Awoonga Dam, Borumba Dam, Copeton Dam, Julius Dam and Wivenhoe Dam
(Bollaert and Lesleighter 2014). In Switzerland, the dam of Hagneck, built in 1899 without a specifically designed
stilling basin, experienced uncontrolled scour with erosion propagating in the upstream direction toward the dam toe.
For this, a new power-plant was inaugurated in 2015 downstream of the previous structure. Since its inauguration in
1921, the Beaumont-Monteux Dam has a long history of uncontrolled scour with multiple rehabilitation works
conducted between 1928 and 1937. In 2009, a gabion and concrete stilling basin was installed; however, further
inspections in 2012 and 2013 showed some additional stability issues and thus the need for further research (Derrien
et al. 2017). The variation in operation condition, leading to an increase in water head from 4.2 to 8, was responsible
for the 12 m uncontrolled scour observed downstream of the Poses-Amfreville Dam in France. For this, a solution
with rock protection (3-6 t) was successfully tested both experimentally and numerically (Sixdenier et al. 2017).
The increasing number of consultant studies commissioned to limit scour-related problems showed the importance of
this rising issue. Given the diversity and the unicity of these hydraulic structures, a generalisation of the problem is
hard to assess. For this, both numerical and physical models contributed to identify tailor-made solutions to guarantee
the long-term stability of these structures. Within this context, this paper focuses on the case study of Chancy-Pougny
Dam, presenting the methodology followed to verify the robustness of the solution identified to limit the development
of uncontrolled scour.

Table 1. Examples of similar scour problems throughout the world.
Dam
Poses-Amfreville
Beaumont-Monteux
Hagneck
Paradise Dam
Awoonga Dam
Chancy-Pougny

Country
France
France
Switzerland
Australia
Australia
Switzerland/France

Year of construction
1887
1921
1899
2005
1985
1924-1926

Head [m]
Maximum scour [m]
8
~ 12
11.5
9.15
~ 6-7
37.1
~ 15
54.4
~ 2-3
10
~ 7-8

1.1. Case Study of Chancy-Pougny
The present study focuses on the case study of Chancy-Pougny. The latter is a mobile barrage located on the Rhone
River, on the border between France and Switzerland, a few kilometres downstream from the city of Geneva. It is part
of a binational powerplant operated by SFMCP (Société des Forces Motrices de Chancy-Pougny) which uses a total
head of 10 m to produce an average 250 GWh of electricity per year. The Chancy-Pougny powerhouse underwent a
full refurbishment and upgrading of its generating units after the renewal of the concession in 2001 (Maginot et al.
2016). The power plant is presented in Figure 1. The dam spillway is divided into four bays, each equipped with
double-leaf Stoney gates, allowing over- and underflow. As presented in Table 2, low discharges are evacuated
through an overflow on the sluice gate, whereas for higher discharges, a flow through the orifice is necessary. The
PMF (Probable Maximum Flood) peak discharge of Q = 2400 m3/s can be evacuated with all gates fully open (lifted).
Next to the four spillway bays, an unequipped ship lock generates an asymmetry in the downstream plunge pool flows.

Figure 1. View from downstream of Chancy-Pougny dam and powerhouse, seen from the French side (right bank).

Since its construction in 1920-1925, the dam has experienced some extreme floods, which progressively developed
scour of the downstream riverbed, made of vulnerable marls and sandstones. In 2014, the scour depth reached some
7-8 m further downstream from the dam. The potential backward progress of the scour slopes motivated the
commissioning of specific studies for scour progress assessment and mitigation. The LCH-EPFL was engaged to
assess the present hydrodynamic conditions in the pool via physical model tests and to estimate the future scour
progress based on analytical modelling (task conducted by Aquavision Sàrl). The purpose of this hybrid model was to
quantify the scour potential within the plunge pool and identify possible solutions to limit any further development
(Wüthrich et al. 2017a). The studies were conducted for SFMCP, having the collaboration of Stucky SA and Norbert
SA from Switzerland and the Compagnie Nationale du Rhône CNR from France. While some previous studies
described the different scour-mitigation techniques tested (Wüthrich et al. 2017a, b), this paper focuses on the
behaviour of the retained solution during exceptional operations, confirming its resilience in different flow conditions.

2.

Experimental Set-Up

The physical model of the Chancy-Pougny plunge pool was built at the Laboratory of Hydraulic Constructions (LCH)
of Ecole Polytechnique Fédérale de Lausanne (EPFL) in Switzerland. The reduced model had a scale of 1:55 and it
was based on a Froude similitude, implying that the ratio between gravitational and inertial forces is maintained. The
model is shown in Figure 2a reproducing the upstream reach, the dam main body, the powerhouse and the downstream

reach of the Rhone River. The bathymetric was made of smooth concrete and the hydraulic structures reproduced in
PVC. The hydrodynamic behaviour within the stilling basin was investigated using six Ultrasonic distance Sensors
(US) with a measuring range of 0.1-1.0 m and an acquisition frequency of 12.5 Hz. In addition, dynamic pressures
were measured in 32 locations inside the plunge pool (Figure 2b) using 17 flash and pin-hole type pressure transducers.
These served as a calibration tool for the analytical model (Bollaert 2004) herein not discussed. The discharge was
introduced into the model through an upstream reservoir and evacuated through a downstream gate, allowing to control
the hydraulic conditions in the downstream reach. A flow straightener was installed in the upstream section in order
to guarantee a uniform flow condition over the channel width. Different operational scenarios were tested in the
present study and the main hydraulic properties detailed in Table 2.
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(a) View of the model with upstream reach.
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(b) Pressure transducers installed in the plunge pool.

Figure 2. Experimental set-up used in the present study.

Table 2. Operational scenarios tested in the present study (prototype scale).
Discharge
[m3/s]
550
1080
1575
2400

3.

Return period
[years]
<1
4
100
PMF

Upstream level
[m a.s.l.]
347.1
346.1
345
346.5

Downstream level
[m a.s.l.]
336.4
337.7
338.4
341

Gates opening
Overflow
Orifice
Orifice
Fully open

Identification of the Problem

Both the initial (1924) and the current (2014) bathymetry were reproduced and tested in the present study. All tested
configurations and all discharges showed the presence of a strong recirculating current on the right-bank side of the
stilling basin (Figure 3a). This phenomenon was a result of the asymmetry in the downstream plunge pool due to the
presence of the non-equipped ship-lock. This recirculating pattern was more important for the current bathymetry
(2014) due to the larger water volume mobilised. The presence of this recirculation generated a flow-return current
interacting with the jet coming out of the spillway jets. Consequently, this increased the local unit discharge of the jet
responsible for the uncontrolled scour. Furthermore, the deviation of the spillways generated some air-entrainment
and the formation of turbulent aerated vortex (Figure 3b). These propagated underwater, impacting the foundation of
the plunge pool where the lowest points of the scour-hole could be found.
A combined effect of the increased local discharge and the generation of the turbulent aerated vortexes were
considered responsible for the uncontrolled scour and, thus, solutions were tested in order to reduce these phenomena.

flow
flow

(a) Recirculation observed for Q = 1575 m3/s.

(b) Air entrainment and jet interaction for Q = 1575 m3/s.

Figure 3. Visual observations of the flow inside the plunge pool for the current bathymetry (2014).

4.

Vertical Wall

A first solution was to add a vertical wall between gate n. 4 (French side, Figure 2b) and the ship-lock. The purpose
of this solution was to re-establish the symmetry within the stilling basin. The installation of the wall is presented in
Figure 4a. It had a length of 30 m and its height was designed not to be submerged for Q = 2400 m3/s.

(a) Configuration with vertical wall.

(b) Flow behaviour with the vertical wall (Q = 1575 m3/s).

Figure 4. Vertical wall installed to avoid recirculation and to re-establish symmetry in the stilling basin.

As shown in Figure 4b for a specific discharge, the presence of the vertical wall prevented the formation of the return
current and the generation of turbulent aerated vortexes. No interaction was observed between the recirculation and
the oncoming jet, resulting into fully developed hydraulic jumps all located at the same distance from the dam’s main
body.
Although the physical model clearly showed the benefits of the vertical wall, from a practical point of view, some
criticism was raised on its feasibility and economical convenience. In addition, this technique did not guarantee any
protection against further erosion. Consequently, some additional solutions were tested, including the disposition of
concrete prisms.

5.

Solution with Concrete Prisms

To enhance the energy dissipation before the spillway jet reached the bottom of the plunge pool, a layer of concrete
prisms was used. This was tested as an alternative to the vertical wall discussed in Section 4. This technique is similar

to that suggested by Emami and Schleiss (2006) for energy dissipation at the exit of diversion tunnels, for overlay
protection of overflow embankment dams (Manso and Schleiss 2002), and for bank protection in steep mountain rivers
(Schleiss et al. 1998). Two types of prisms (diagonally divided cubes) with two sizes were tested in the present study
(32.7 and 40.0 mm at model scale). The technical details of the prisms are presented in Table 3.
Table 3. Technical details of the prisms used in the present study (prototype scale).
Type
Small (red, 32.7 mm)
Large (yellow, 40.0 mm)

Size
[m]
1.8
2.2

Volume
[m3]
5.8
10.6

Average density
[kg/m3]
2350
2150

Average mass
[kg]
6’815
11’395

As previously discussed by Wüthrich et al. (2017b), prisms arranged with a geometrical pattern were shown to be less
stable compared to the configuration with prisms randomly arranged. Furthermore, preliminary studies showed that
the large yellow prisms were more efficient on the left side, whereas small red ones were more stable on the right side
of the basin. The presence of concrete prisms, and therefore of an enhanced roughness in the plunge pool, was
sufficient to reduce the recirculation and avoid any interference between the return flow current and the spillway jets.
As a consequence, a final configuration was obtained taking into account the actual prototype topography of the
Chancy-Pougny stilling basin. This configuration is presented in Figure 5b. In addition, a prism-made protection of
the wall between the plunge pool and the restitution of the powerhouse was also installed.
Previous studies demonstrated the stability of this technique for all tested discharges (Table 2) on both the physical
and numerical model (Wüthrich et al. 2017a, b). Since from a practical point of view a totally random distribution
cannot be achieved, a first layer with geometrical distribution was suggested (Figure 5a). Additional prisms were then
placed on top of this layer, generating the random arrangement. The resulting geometry was shown to have a similar
behaviour to the one previously tested by Wüthrich et al. (2017a, b) with both random layers.

(a) Geometric distribution of the first layer of prisms.

(b) Final configuration with both layers.

Figure 5. Configuration with a random prism distribution tested in the present study.

5.1. Behaviour for Exceptional Operational Scenarios
A solution to protect the bottom and to limit further scour development was identified in Section 5. This was shown
to be effective on both the physical and analytical models. In addition, some tests were performed to verify the
robustness of this solution, i.e. its behaviour under particular and unfavourable flow conditions. Two scenarios were
identified and tested on the physical model:
• Unavailability of one spillway bay out of four.
• Reservoir drawdown.
5.1.1. One Spillway Bay Unavailable
In the context of the renovation of the concession, the Chancy-Pougny dam is expected to undergo some rehabilitation
work in the next few years. This might lead to one of the gates to be unavailable in case of flood. For this reason, the

behaviour of the concrete prisms is tested in case of flood (Q = 1575 m3/s) with one gate completely closed. To identify
the worst scenario for the stability of the prisms, the closure of each gate is individually tested (Table 4). One gate per
test was closed and the openings of the remaining gates adjusted to guarantee the same operational conditions.
Photos of the flow for all tested scenarios are presented in Figure 6 and the final results in Figure 7. One can notice
that for the cases with gate 1 or 2 closed, a similar behaviour was observed with a recirculation on both sides of the
plunge pool. This led to higher discharges in the centreline, generating the motion of some small red prisms.
Nevertheless, the stability and the integrity of the prism carpet remained guaranteed.

(a) Gate 1 closed

(b) Gate 2 closed

(c) Gate 3 closed

(d) Gate 4 closed

Figure 6. Flow observations for the scenarios with one gate fully closed (Q = 1575 m3/s).

Table 4. Details of the tests carried out with one gate completely closed and opening values for the remaining gates.
Total
Upstream Downstream Discharge
discharge
level
level
powerhouse
[m3/s]
1575
1575
1575
1575

[m a.s.l. ]
345.0
345.0
345.0
345.0

[m a.s.l. ]
338.8
338.8
338.8
338.8

[m3/s]
-

Gate 1

Gate 2

Gate 3

Gate 4

Inf.
Sup.
[m]
[m]
Closed
6.05 13.5
6.05 13.5
6.05 13.5

Inf.
Sup.
[m]
[m]
6.05
13.5
Closed
6.05
13.5
6.05
13.5

Inf.
Sup.
[m]
[m]
6.05
13.5
6.05
13.5
Closed
6.05
13.5

Inf.
Sup.
[m]
[m]
6.05
13.5
6.05
13.5
6.05
13.5
Closed

The closure of gate 3 generated almost no movement nor damage to the prisms, proving to be the most efficient
configuration (Figure 7c). On the contrary, the closure of gate 4 (French side, Figure 2b) generated a higher
recirculation with a visually stronger return flow (Figure 6d). Results also showed the formation of a local
displacement of the prisms downstream of gate 3 where the interaction with the return flow occurred (Figure 7d).
These experimental tests showed that, overall, the prisms remained stable even for exceptional and unconventional
operational scenarios. The closure of gate 4 was shown to be the least favourable scenario, which represents an
important information for dam-operational personnel.

(a) Gate 1 closed

(b) Gate 2 closed

(c) Gate 3 closed
(d) Gate 4 closed
Figure 7. View from downstream of the prism configuration after the tests with one gate closed (Q = 1575 m3/s).

5.1.2. Reservoir Drawdown
A lowering of the water levels in the Rhone River is scheduled for 2019. During this time, one of the gates will be
most likely closed because of rehabilitation work on the dam spillways. The purpose of this test is, therefore, to study
the behaviour of the prisms under this exceptional flow condition. As a result of the highest level of erosion observed
in section 5.1.1, it was chosen to close gate n. 4, representing the most unfavourable scenario. A discharge of Q =
700m3/s was imposed for a duration of 12 hours at model scale, which corresponded to 89 hours at prototype scale.
The remaining three gates were fully open with a downstream level of ~337.7 m a.s.l.
The configuration of the prisms obtained after the test is presented in Figure 8. Results showed little displacement of
the prisms, with local erosion on the downstream side of gates 1 and 3. Nevertheless, the overall imbrication of the
prisms as well as their stability remained guaranteed. Despite the closure of gate n. 4, the lowering of the water level
scheduled for 2019 did not represent a critical scenario for the stability of the prisms. The effectiveness of the solution
identified is thus verified.

1

2

3

4

Figure 8. Distribution of the prisms after the test simulating the lowering of the water level scheduled for 2019. For this
configuration, gate 4 was closed and the remaining gates were fully open (Q = 700 m3/s, duration 89 hours).

6.

Conclusion

A physical model of the key features of the power plant was built at LCH-EPFL at a 1:55 reduction scale. First-stage
test scenarios showed the presence of a recirculation due to the asymmetry of the plunge pool. This results into a flow
return current that interacts with the spillway outflow jets, thus generating vortexes responsible for scour development.
A solution with a vertical wall to re-establish symmetry within the plunge pool was successfully tested; however, this
technique did not guarantee any protection against further erosion and requires the deployment of heavy machinery
for construction.
Some configuration with randomly-distributed concrete prisms were previously tested, proving their effectiveness in
dissipating the residual energy of the spillways jets before these reached the bottom of the plunge pool. The random
distribution was obtained as the combination of a first, geometrically distributed layer surmounted by prisms arranged
with a random pattern. In this study, the robustness of the solution previously identified is presented and discussed.
For this, two scenarios were chosen: (1) potential closure of one of the spillway gates; (2) lowering of the water level.
The closure of gate n. 4 (right-hand side) was shown to be the least favourable scenario, with the generation of an
even stronger recirculation and the local displacement of concrete prisms. Nevertheless, both tested scenarios showed
that the prism configuration remained globally stable under to slightly different, but plausible, operating scenarios.

This research presented a methodology used for the case study of Chancy-Pougny dam, leading to an effective solution
to limit further uncontrolled development of the riverbed scour. The authors are convinced that these findings will
assist other practical engineers in the design of better and safer hydraulic structures for similar structures equipped
with short stilling basins. Scour monitoring is paramount for an earlier identification of potential uncontrolled scour
development which may endanger the stability of the dam and other appurtenant structures.
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